Plants require access to free water for nutrient uptake, but excess water surrounding the roots can be injurious or even lethal because it blocks the transfer of free oxygen between the soil and the atmosphere. Genetic improvement efforts in this study were focused on the increased tolerance in roots to waterlogging. Among a pool of clones generated in vitro from leaf explants of rootstock Mr.S.2/5 of Prunus cerasifera L., the S.4 clone was flood tolerant whereas the S.1 clone was sensitive. The S.4 clone formed adventitious roots on exposure to flooding. Moreover, the chlorophyll content and mitochondrial activity in the leaf and root, soluble sugar content, alcohol dehydrogenase activity and ethylene content were different between the clones. The sorbitol transporter gene (SOT1) was up-regulated during hypoxia, the alcohol dehydrogenase genes (ADH1 and ADH3) were upregulated in the leaves and down-regulated in the roots of the S.4 clone during hypoxia, and the 1-aminocyclopropane-1-oxidase gene (ACO1) was up-regulated in the leaves and roots of the S.4 clone during hypoxia and down-regulated in the wild-type roots. In addition, in the S.4 root, hypoxia induced significant down-regulation of a glycosyltransferase-like gene (GTL), which has a yet-undefined role. Although the relevant variation in the S.4 genome has yet to be determined, genetic alteration clearly conferred a flooding-tolerant phenotype. The isolation of novel somaclonals with the same genomic background but with divergent tolerance to flooding may offer new insights in the elucidation of the genetic machinery of resistance to flooding and aid in the selection of new Prunus rootstocks to be used in various adverse environments.
Introduction
Plants are exposed to many stressors, which can be major limiting factors for the yield and quality of harvested products (Boyer 1982) . Global climatic change has drastically affected the distribution and quantity of rainfall during the calendar year (Alpert et al. 2002) . In Mediterranean areas, rain is irregular and is concentrated mainly in the spring and fall seasons, leading to flooding and water stagnation in poorly drained soils (Alpert et al. 2002) . As a consequence of this stress, the roots in that soil experience an anaerobic environment, which can induce flooding stress and plant death. Plant response to hypoxia depends on species, genotype, age and duration of flooding (Bailey-Serres and Voesenek 2008).
Colmer and Voesenek (2009) have described several major plant physiological states that negatively affect growth and survival and occur when water replaces air in the environment; these include energy crisis (Gibbs and Greenway 2003) , water deficit, reduction of carbohydrate availability, increase of toxic compounds and activation of reactive oxygen species (Blokhina and Fagerstedt 2010) . Oxygen (O 2 ) depletion in tissues is one of the major harmful factors, resulting in a rapid molecular and physiological response. One major process
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Novel Prunus rootstock somaclonal variants with divergent ability to tolerate waterlogging Laura Pistelli 1 , Calogero Iacona 2 , Dario Miano 3 , Marco Cirilli 3 , Maria Chiara Colao 3 , Anna Mensuali-Sodi 4 and Rosario Muleo 3, 5 affected by a lack of O 2 is mitochondrial respiration. Under anoxic conditions, plant metabolism switches from respiration to fermentation to generate energy (Drew 1997, Gibbs and Greenway 2003) . The ability to operate alcoholic fermentation under conditions of O 2 deprivation is regarded as an essential requirement of anoxia tolerance of plants because energy metabolism is maintained, and NAD + is regenerated, in spite of the lack of mitochondrial respiration (Kreuzwieser et al. 2004) . In poplar, the xylematic flux can translocate ethanol to the aerial parts of a plant, where it can be metabolized and further utilized as a carbon compound (Kreuzwieser et al. 2004) . In flooding-tolerant species, such as Vitis riparia Michx., a precise strategy has been adopted to direct a sufficient amount of O 2 toward the maintenance of root apical meristem to guarantee continued root activity (i.e., mitosis and nutrient uptake) in anaerobic soils (Mancuso and Boselli 2002 ). However, root alcoholic fermentation strongly affects cellular energy metabolism, implying a considerably higher demand for carbohydrates in waterlogged roots: this becomes a critical point for the survival of plants under prolonged hypoxic conditions (Setter et al. 1997) . Many authors have reported data on the decrease of carbohydrate concentrations in the roots of trees upon hypoxia (Vu and Yelenosky 1991, Angelov et al. 1996) , although some authors have demonstrated the opposite behavior (Hsu et al. 1999) . Flooding causes a reduction in root growth that reflects a decline in carbon demand (Angelov et al. 1996) . Moreover, anaerobic respiration of the root system decreases the amount of energy produced, interfering with several housekeeping biosynthetic routes, such as chlorophyll synthesis (Dennis et al. 2000) .
A common morphological and/or anatomical adaptation to flooding that occurs in many plant species is the production of roots containing an extensive aerenchyma to facilitate gas diffusion between roots growing in waterlogged soil and the aerial environment (Parent et al. 2008) . Although root growth is usually inhibited, some plants produce adventitious roots on the submerged part of stems that are usually thicker with more intercellular spaces than those growing in well-aerated soils (Kozlowski 1997) .
Studies on gene expression patterns, including microarray profiles, have confirmed that a class of proteins called anaerobic proteins (ANPs) is synthesized under conditions of waterlogging-induced stress (Sachs et al. 1980) . The ANPs include enzymes involved in sucrose metabolism, glycolysis, phosphorylated-sugar metabolism, anaerobic fermentation, non-symbiotic hemoglobin and cell wall degradation due to the formation of aerenchyma (Loreti et al. 2005, Bailey-Serres and Voesenek 2008) .
Stone-fruit trees (Prunus spp.) are mainly grown in Mediterranean climates, which are characterized by irregular and concentrated rainfalls with a duration of a few days. It has become important to study the adaptation of particular rootstocks to improve the tolerance of trees to flooding. The trees of the genus Prunus are frequently intolerant of waterlogging, compared with many other temperate woody horticultural plants, including apple, pear and quince (Andersen et al. 1984 ). Among the different species of Prunus, Myrobalan plum (Prunus cerasifera L.) and European plum (Prunus domestica L.) are considered to be flooding tolerant (Ranney 1994) . Breeding has been conducted by several research groups to develop new hybrids that carry waterlogging tolerance (Dichio et al. 2004 , Xiloyannis et al. 2007 , Amador et al. 2009 ). Rootstock Mr.S.2/5, selected from an open-pollination P. cerasifera population, is also considered to be fairly tolerant (Dichio et al. 2004 ). Furthermore, in vitro culture has been used to produce somaclonal variants with increased tolerance to waterlogging in stone-fruit rootstocks (Muleo et al. 2006) .
The aim of the present study was to understand the physiological and molecular adaptations to flooding in two somaclonal variants of rootstock Mr.S.2/5 with divergent tolerance to prolonged soil waterlogging (Muleo et al. 2006) . Plants were exposed to soil waterlogging until the appearance of wilting of all of the expanded leaves. The anatomical structures of the roots, the physiological parameters of the leaves and roots, and the quantitative expression of genes underlying the adaptation for surviving flooding were investigated in each of the clones. We propose a mechanism for the tolerance of flooding stress, which is the activation of massive sorbitol translocation and utilization by the tolerant clone during root hypoxia. Finally, the isolation of novel somaclones that share the same genomic background but are divergent in their tolerance to waterlogging will offer new insights into the genetic machinery of resistance to flooding in the Prunus species.
Materials and methods

Plant materials and stress conditions
Micropropagated plantlets of the S.1, S.4 and Mr.S.2/5 wild-type (wt) clones were acclimatized in a greenhouse for at least 5 months. Twelve plants of each genotype, ~30 cm long, were then exposed to complete soil submersion for 6 days in July of 2006 by placing them in plastic containers (90 cm × 60 cm × 20 cm). Each plant was cultured in 1 l of soil composed of 45% clay, 45% sand and 10% silt and filled with water, providing a water level at least 3 cm above the soil surface, so that the soil was completely submerged; the control plants were irrigated regularly. The experiments were carried out in a greenhouse at a relative humidity of 35-85%, a temperature between 21 and 34° C, a daily vapor pressure deficit of 4-10.2 kPa and a maximum photosynthetically active radiation of 1240 µmol m −2 s −1 . During the experiment, oxygen depletion measurements were periodically recorded using a portable dissolved oxygen meter (Hanna Instruments, Lansing, MI, USA) inserted into the soil at 5 cm depth. The diffusion of O 2 of the soil of non-flooded plants was always constant (903.3 ± 40.4 ppm). In waterlogged soil, O 2 decreased rapidly during the experiment; after 3 days, the average value was 281.3 ± 18.8 in the soil of S.1 plants and 333.6 ± 22.5 and 358.6 ± 17.8 ppm in the soil of wt and S.4 plants, respectively. At 6 days, the O 2 level decreased at 13.7 ± 5.7, 65 ± 8.9 and 96.3 ± 9.5 ppm in the soil of S.1, wt and S.4 plants, respectively.
The flooding tolerance of plants was evaluated as the number of days elapsed between the beginning of submersion and the wilting of all of the expanded leaves of each plant, coinciding with the appearance of epinasty. The number of dropped leaves was also detected and data were reported as a percentage. Leaf and root morphology, chlorophyll content and adventitious root development were also analyzed. For root inspection, the soil was removed, and the fine roots were gently washed with tap water. The leaves and roots were collected and used for further analyses or immediately frozen in liquid N 2 and stored at -80° C.
Histochemical study
For histological studies, the root systems were gently washed in water, and the main root apex (the last 3 cm from the tip) was cut with a razor blade and processed. The root tip segments were immediately fixed in FFA solution (80% absolute ethanol, 10% formic aldehyde and 10% glacial acetic acid) for 24 h, washed in water overnight and dehydrated with different ethanol solutions, starting from 50% ethanol solution (1 h), progressing through 75% (1 h) and 95% (1 h) solution, and then two or three changes of absolute ethanol, following Johansen (1940) . Semi-thin sections (4-6 µm), stained with safranin and fast green (Jensen 1962) , were observed with a light microscope (Nikon, Tokyo, Japan) connected to an image analyzer (Image Tools 2007 Pro 1.0, Vago VR, Italy).
Soluble sugar analysis
Quantification of soluble sugars (i.e., sorbitol, sucrose, glucose and fructose) was performed by sampling leaf and root sections. The analyses of sucrose, glucose and fructose were carried out using a coupled enzyme reaction, followed by spectrophotometric measurement at 340 nm to determine the formation of NADH (Guglielminetti et al. 1995) . The efficacy of the method was measured using glucose as the standard. Sorbitol determination was carried out by spectrophotometric analysis using a D-Sorbitol/Xylitol kit (Roche Diagnostics, R-Biopharm, Milan, Italy) that monitors formazan formation at 492 nm (Bergmeyer et al. 1974 ).
Measurements of alcohol dehydrogenase activity
Root samples (at 0, 1, 3 and 6 days of treatment) were rapidly frozen in liquid nitrogen, ground to a powder and then further homogenized with extraction buffer [1/1 (w/v)] containing 100 mM HEPES (pH 7), 5 mM dithiothreitol (DTT) and 0.05% Triton-X 100. The homogenates were centrifuged at 15,000 g for 20 min at 4° C. The resulting supernatants were used for the spectrophotometric determination of alcohol dehydrogenase (ADH) activity by measuring NADH formation (Perata et al. 1988 ). Samples were assayed in a 1 ml assay mixture [100 mM Tris-HCl (pH 9), 5 mM DTT, 5 mM MgCl 2 , 0.5 mM NAD and 200 mM EtOH], and absorbance was spectrophotometrically monitored at 340 nm for 10 min. Proteins were spectrophotometrically quantified using a Bio-Rad Bradford method (Bradford 1976) . Bovine serum albumin was used as a standard for the protein assay.
Ethylene determination
The epigeal part of plants was wrapped in a 3 l sealed plastic container for 24 h. Gas samples (2 ml) were taken from the headspace of the containers with a hypodermic syringe. The ethylene concentration in the sample was measured by gas chromatography (HP5890, Hewlett-Packard, Menlo Park, CA, USA) using a flame ionization detector, a stainless steel column (150 × 0.4 cm Ø packed with Hysep T), column and detector temperatures of 70 and 350° C, respectively, and nitrogen carrier gas at a flow rate of 30 ml min −1 . Quantification was performed against an ethylene external standard and results were expressed as volume (nl g −1 h −1 ) accumulation after determination of losses and abiotic ethylene production in the closed system.
Chlorophyll determination
The chlorophylls were extracted by means of N,Ndimethylformamide from leaf discs (Ø 0.6 cm) sampled in the leaf intervein zone, and then quantified by a spectrophotometer with absorbance readings at wavelengths of 664, 647 and 625 (Moran 1982) . Only the total chlorophyll content was shown in the results.
Triphenyltetrazolium chloride reactivity test
The triphenyltetrazolium chloride (TTC) reactivity test was used to measure tissue vitality and respiratory activity. Colorless TTC accepts electrons from the electron transport chain of mitochondria, reducing it to the red-colored triphenyl formazan (TF), which can be quantified at 520 nm (Richter et al. 2007) . Fresh tissue (100 mg) was transferred to Eppendorf tubes containing 1.5 ml of TTC buffer, composed of 0.1 M potassium phosphate buffer (pH 7.0) with 0.6% TTC and 0.05% Tween 20. Samples were incubated for 20 h at 30° C in darkness. The TTC buffer was decanted and the samples were washed twice with 2 ml of distilled water. Sand (300 mg) (50-70 mesh particle size, Sigma-Aldrich, Milano, Italy) was added to each sample and then stirred for 5 min at 400 rpm speed (IKA MS3 digital, Steroglass, Assisi PG, Italy). After centrifugation for 3 min at 2000 g, 1 ml of absolute ethanol was added and the samples were vortexed for 10 s and held for 2 h. Samples were centrifuged for 2 min at 10,000 g and the absorption of supernatant was measured spectrophotometrically at 520 nm. The reactivity of samples with TTC was measured as absorption of TF per g dry mass (A 520 g dry weight (DW) −1 ).
Determination of total antioxidant power and total phenolic compounds
Plant samples were extracted with 70% ethanol (w/v 1/10). After incubation for 30 min at 4° C, the samples were then centrifuged at 15,000 g for 10 min; the supernatants were utilized for the determinations. Measurement of antioxidant power used the ferric-reducing antioxidant power (FRAP) method (Benzie and Strain 1996) , which depends on the reduction of ferric tripyridyltriazine complex to ferrous tripyridyltriazine complex by a reductant at low pH. Ferrous tripyridyltriazine has an intense blue color monitored at 593 nm.
The total phenolic compound content of plant extracts was assayed quantitatively at 765 nm with Folin-Ciocalteu reagent (Rivero et al. 2001) . The results were expressed as micrograms of chlorogenic acid per gram fresh weight.
Cloning and sequences of candidate genes
A polymerase chain reaction (PCR) cloning strategy was applied to isolate nucleotide sequences corresponding to the following genes: ACO1 (1-aminocyclopropane-1-oxidase, no. AF129073), ADH1 (alcohol dehydrogenase 1), ADH3 (alcohol dehydrogenase 3), GTL (glycosyl transferase-like, no. AY354512), SOT1 (sorbitol transporter 1, no. Ay924379) and elF1-α (elongation factor 1α, no. FJ267653). The sense and antisense primers were designed on the basis of the cDNA of all gene sequences of peach present in GenBank. elF1-α polymerase chain reaction gene was used as a housekeeping gene to provide a relative standard transcription level. Amplified products were purified using the Wizard SV Kit and cloned using the pGEM-T Easy Vector System, following the manufacturer's instructions (Invitrogen, Milan, Italy). The derived plasmids were then sequenced by ABI 310 (Applied Biosystems, Milan, Italy) using BigDye sequencing chemistry at the Tuscia University sequencing facilities. The putative coding sequences obtained were analyzed with BLASTn software against the non-redundant sequence database (versions 2.2.10 and 2.2.14) and the Peach Genome Database (www.peachgenome. org). The sequences were used to design specific primers (Table S1 available as Supplementary Data at Tree Physiology Online) for quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) analysis.
DNA and RNA extraction and gene expression analyses
DNA was extracted from leaf tissues following Muleo et al. (2009) . Total RNA was extracted starting from 3-4 g of leaf and root tissues powdered under liquid nitrogen following Mencarelli et al. (2010) . RNA concentration and purity were determined before and after DNase I digestion (absorbance ratio 260 nm/280 nm), and 1.2% agarose gel to check RNA integrity. The extraction of total RNA from the leaf and root samples of the S.1 clone resulted in poor-quality RNA, due to the high viscosity of the extracted solution and the high degradation of RNA. Therefore, gene expression analysis was conducted exclusively on S.4 and wt clones. For each leaf and root sample, polyadenylated RNAs (mRNAs) were purified from 1 µg of total RNA using the RNeasy kit (Qiagen, Milan, Italy) and used as template for the synthesis of first-strand cDNA. Reverse transcription (RT) reactions were conducted using Ready-To-Go RT-PCR beads (Amersham Biosciences, Milan, Italy) according to the manufacturer's instructions. Forty units of RNAguard RNase Inhibitor (Amersham Biosciences, Milan, Italy) were added to the RT reactions. Quantitative real-time RT-PCR analyses were conducted using the LightCycler system (Roche, Milan, Italy). Serial dilutions of a reference cDNA obtained from control samples were used as standard for the construction of calibration curves. Amplification and detection were performed using a SensiMix kit (Quantace, Bioline, Turin, Italy), including SYBR green fluorescent dye (Roche). The qRT-PCR tests were conducted on three independent biological repeats, each with two independent technical repeats, using the LightCycler platform (Roche Molecular Diagnostics, Milan, Italy). Reactions were carried out in a total volume of 20 µl, with 1.5 mM MgCl 2 and 10 mM of each primer, 1.5 µl Taq polymerase, 4 µl buffer plus dNTP, 1 µl of SYBR green dye and 5 µl of cDNA (corresponding to 3 ng of cDNA). These amounts of cDNA templates were adjusted for each gene according to the sensitivity threshold and the linearity range of the respective standard calibration curves. Aliquots from each RNA sample were used with all primer sets in each experiment. Reactions were run using the following thermal parameters: a starting denaturation of 10 min; a total of 40 cycles of 10 s at 95° C, 12 s at 59° C, and 12 s at 72° C. Dissociation curves for each amplicon were analyzed to verify the specificity of each amplification reaction. Relative quantification was obtained with the ΔΔCP method (Kubista et al. 2006) , which normalizes the crossing point (CP) values of the gene target using the correlate reference gene CP value, and using the PCR efficiency value (E) obtained from the respective standard calibration curve.
Statistical analysis
Statistical analysis was conducted by analysis of variance, performed by the SigmaStat 3.1 package (SYSTAT software Inc., Chicago, IL, USA). Fisher's least significant difference test was performed to identify significant differences among the samples at P < 0.05. The statistical samples for chlorophyll amount and TTC activity included five plants, while for the other biochemical parameters three biological independent repeats were used. The statistical samples for the normalized transcript level included three biological independent repeats. Differences were accepted as statistically significant when P < 0.05.
Results
Oxygen depletion
The plot of oxygen concentration against time of depletion provided a straight decrease with a high R2 value (0.99) in all clones (Figure S1 available as Supplementary Data at Tree Physiology Online). It is to be emphasized that although no significant difference was evident among the curves, the effect on plant behavior and survival of the three genotypes was different.
Morphological and histological adaptation
After 6 days of exposure to waterlogging, the S.4 clone exhibited normal growth, whereas plants of the wt and S.1 clone were severely damaged, showing withered and dehydrated leaves and strong epinasty (Figure 1a , e and i). The S.1 leaves showed extended necrosis on the entire surface, and accentuated defoliation (70%) was detected along the stem, whereas less defoliation was observed for the wt plants (45%). In contrast to these two clones, plants of the S.4 clone did not show Prunus rootstock somaclonal variants with divergent ability to tolerate waterlogging 359 any stress effects under flooding, the leaf cell turgor was retained, and only 15% of the total leaves dropped, meaning that adaptation to the stress had been acquired by these plants (Figure 1i ). Moreover, the de novo acquisition of adaptive capacity was confirmed by the development of new adventitious roots, which were located in the root system (belowground) in response to flooding and characterized by a positive gravitropism and white color (Figure 1j and m) . Plants of the other two clones showed damaged and disaggregated roots with browning (Figure 1b and f) .
Longitudinal cross section of root tips (Figure 1d , h, l and o) showed that in the wt and S.1 clones, the root cap was destroyed, whereas a regular structure was present in the older roots of the S.4 clone, which exhibited several cellular layers of apical meristem and an elongation zone that was organized into epidermal tissues, cortex and vascular cylinder (Table S2 available as Supplementary Data at Tree Physiology Online). In contrast, the same portion of root in the wt clone exhibited a reduced and disaggregated cellular organization. The minus variant S.1 clone did not show any distinguishable structures of tissue layers in the root cap, apical meristem or elongation zone (Figure 1c and d ; Table S2 available as Supplementary Data at Tree Physiology Online) nor any determined epidermal tissues, and the inner conductive layers of the vascular cylinder were damaged. In the transition zone between the apical meristem and elongation zone, only traces of some tissues were detectable. In the transverse cross sections of the roots (Figure 1c , g, k and n), the radial tissue organization of the S.4 clone was highly conserved with a central vascular cylinder in which the water-conducting cell types (protoxylem and metaxylem) were patterned centripetally. The vascular cylinder and the surrounding endodermis were well connected to the cortical cell layer. Moreover, the pericycle cell layer was also distinguishable on the inner side of the endodermis. The different organization of the root layers between the clones was evident in the disorganization of the cortical cell layers, in the disconnection of cell layers inside the cylinder central and the surrounding cell layers of the cortex (Figure 1c , g, k and n). In the wt and S.1 root cortex, large lacunae were also present, probably generated by the damaged cells.
During flooding, the S.4 clone formed new roots, and their terminal tip (Figure 1m and o) maintained a tissue organization and size similar to that in roots developed under control conditions (Table S2 available as Supplementary Data at Tree Physiology Online). Under control conditions, the size of the S.1 root cap was larger than that of wt and S.4, and of S.4 roots grown under stress conditions. The anatomy of the cortical cells and the pith layers (central cylinder cells) indicated that the S.1 clones contained a higher number of cells near the apex region. Furthermore, the cell area increased, although that of the S.4 cells was consistently larger than the other cells (Tables S3 and S4 available as Supplementary Data at Tree Physiology Online).
Biochemical and physiological adaptation
The morphological features of the clones showed marked differences: in particular, some leaf tissues of the S.1 clone and wt were compromised (Figure 1) , so the mitochondrial activity was tested in the clones during the flooding treatment. The total chlorophyll content, a measure of the functionality of the photosynthetic apparatus, decreased in each clone during the period of flooding. The reduction was less marked in the S.4 clone (Figure 2a ). TTC activity, performed in both the leaves and roots, remained high in the first day of flooding in both the leaves and roots of the three clones. When the submergence conditions were prolonged up to 6 days, the mitochondrial activity of the S.1 and wt leaves declined to ~40% of the initial value (Figure 2b ). In the S.4 leaves, the activity exhibited a lower reduction. Differences of the mitochondrial activity between clones were most apparent in the roots, at the end of the flooding period. The S.4 plants maintained a high activity of ~95% of that observed under normal conditions, whereas activities in the plants of the S.1 and wt clones decreased to 65 and 75%, respectively (Figure 2c ). The S.1 clone was strongly damaged by the flooding, so that further measurements were only carried out on the wt and S.4 clones.
In order to explore a possible relationship between flooding stress and sugar synthesis, movement and utilization, the main translocated soluble sugars in Prunus were measured in the leaves and roots ( Table 1 ). The sorbitol content initially did not change in the leaves of the wt clone under stress conditions, but at the sixth day of stress, the sorbitol level decreased to one-half the initial content. Conversely, the sorbitol content in S.4 leaves remained stable throughout the entire stress period (~23 mg g −1 DW). Different trends were observed for other soluble sugars. Sucrose accumulated during the first period of stress in both the wt and S.4 clones. With prolonged flooding conditions, however, the behavior changed: in the wt clone, the sucrose content declined, whereas in the S.4 clone, the final content returned to the initial level (~21 mg g −1 DW). The leaf glucose content differed among the clones: in the wt clone, the content was not altered during the stress, but a twofold increase in the glucose level was observed in S.4. Similar increases were observed for fructose in the wt and S.4 clones.
The total soluble sugar (TSS) content was then calculated as the sum of the different sugar contents. In the leaves of the wt clone, TSS exhibited an initial increase, which was significantly reduced at the end of submergence. The TSS content in the S.4 clone increased constantly during the stress, reaching a maximum value at the end of flooding.
The level of each of the soluble sugars detected in the roots exhibited a different trend than that observed in the leaves. In the wt and S.4 roots, sorbitol, sucrose, glucose and fructose values decreased in a similar way during the stress. On the third day of flooding, both rootstock clones exhibited a sharp decrease in the TSS content, reaching a value four-to sixfold lower than the initial value. Moreover, the prolongation of flooding led to a continued decrease of the TSS content.
Different patterns of antioxidant power in response to flooding between the leaves and roots (Table 2) were observed. In the leaves, the total antioxidant potential increased as the experiment progressed in each sample examined. The S.4
Prunus rootstock somaclonal variants with divergent ability to tolerate waterlogging 361 Table 2 . Antioxidant power and total polyphenols in the leaves and roots of wt and S.4 clones of rootstock Mr.S.2/5 of P. cerasifera L. were determined in each organ after waterlogging treatment in July, corresponding to a high metabolic activity period. Values are expressed as means of three biological repeats (N = 3), ± SE. Differences were accepted as statistically significant when P < 0.05. Different letters within a column of each clone and plant organ indicate statistical difference among the times. ns = not significant.
Clone
Time ( leaves showed a sharp peak, increasing their amount threefold over the initial level, whereas the wt leaves increased their level to a lesser extent (approximately twofold). A different behavior was observed in the roots: no significant variation of antioxidant power was detected ( Table 2) . As a proportion of antioxidant compounds, the total polyphenols were also determined in the wt and S.4 clones ( Table 2 ). In the leaves, the total polyphenols increased during submergence conditions. In the roots, the total polyphenols decreased in the S.4 roots, whereas in the wt roots, the value almost remained constant after an initial decrease.
In the wt roots, ADH activity sharply increased with the onset of flooding and maintained a high level during the treatment (Figure 3a) , indicating that root hypoxia was rapidly achieved. Alcohol dehydrogenase activity was low during the first period of flooding in the S.4 roots. When the submergence period was prolonged to 6 days, S.4 roots exhibited ADH activity that reached a similar level to that of wt roots.
The wt and S.4 leaves synthesized similar amounts of ethylene under normoxic conditions (T0). The susceptibility to flooding conditions induced an increase in ethylene, as observed in the wt leaves just after 24 h of flooding; this production persisted during the stress. In contrast, a significantly lower quantity of ethylene was detected in the S.4 clone and was maintained at nearly the same level throughout the experiment (Figure 3b ).
Effect of flooding on the expression of genes
The expression of the SOT1 gene, encoding a sorbitol transporter, was significantly up-regulated under the stress conditions in both the leaf and root (Figure 4) . On the sixth day of anoxic stress, the transcript levels were higher in the wt leaves, 2 times more than S.4. In the roots, however, the amount of SOT1 transcripts was ~7 times more than that of the elF1-α housekeeping gene in the S.4 clone and ~4.5 times that in the wt clone.
The expression of the GTL gene was up-regulated in the leaves of all of the stressed plants, whereas the expression was almost totally suppressed in the roots (Figure 4) . However, under control conditions, the amount of transcript from this gene was higher in roots than in leaves, with a large accumulation in the S.4 roots, amounting to ~9 times more than the elF1-α housekeeping gene (Figure 4d ). In the flooded roots of the S.4 clone, no GTL transcript was detected, and only a very low level of transcript was found in the wt clone.
The ACO1 gene was differentially expressed in the wt leaves and roots (Figure 5a and b) in response to flooding stress. In the leaf tissues of wt stressed plants, the amount of detected ACO1 transcripts was almost 7 times more than in control leaf tissues. Conversely, in the root tissues, the level of detected transcripts was almost half the level of the housekeeping gene and 4 times less than that detected in the control root tissues. In the S.4 plants subjected to flooding stress, the transcript levels in the leaves and roots were higher with respect to that of the control plants, with the highest amount found in the roots (Figure 5b ).
An even higher level of transcript was detected in leaf tissues for the ADH1 and ADH3 genes under flooding conditions (Figure 5c and e ). However, the ADH1 gene transcript level was the highest in the S.4 leaf tissue, whereas the highest transcript level of ADH3 was observed in the wt leaves. Both ADH genes were regulated in the wt and S.4 roots during flooding conditions, but the patterns were different (Figure 5d and f). During oxygen deprivation, the S.4 roots did not show any increase in ADH3 transcript levels, whereas only ADH1 transcripts showed an increase in the wt roots exposed to flooding.
Discussion
In vitro cell culture represents a suitable method to obtain large numbers of clonal plants, but it is known to induce concomitant genetic alterations in some of the regenerated plants (Larkin and Scowcroft 1981) . These variations can play an important role in modifying agronomic traits in plants, although they typically occur in a few, discrete sequences and at different frequencies in the genome of single plants with limited phenotypic effects. The genomes of the regenerated plants are nearly 362 Pistelli et al. identical, so that they could be regarded as 'near-isogenic' lines, as has been previously indicated for rice variants (Godwin et al. 1997) . Previously, we selected in vitro two clones of rootstock Mr.S.2/5 of P. cerasifera L., named S.1 and S.4, which exhibited normal plant growth under normal environmental conditions (Muleo et al. 2006) , whereas when the plants were subjected to waterlogging conditions, the S.1 clone exhibited a marked sensitivity and the S.4 clone demonstrated a good tolerance, showing a behavior characterized as plus variant compared with the Mr.S.2/5 rootstock wt plants.
Tolerance to flooding is often associated with the formation of new adventitious roots with a concomitant induction of lysigenous aerenchyma, even in situations where only the lower parts of the roots are waterlogged (Gibberd et al. 2001 , Malik et al. 2003 . However, there are wetland plants without aerenchyma that enhance the movement of O 2 toward the apex of the root, promoting the growth of deeper roots in waterlogged soils. In such cases, plants produce barriers from suberin deposition in the exodermis, forming a physical resistance to diminish radial oxygen loss (Armstrong 1979, Colmer and Voesenek 2009) . After a few days of flooding, the S.4 clones were able to produce new white roots, indicating that they exhibited a better adaptation to stress than the S.1 clones or Mr.S.2.5 wt. Moreover, the newly formed roots exhibited exodermal integrity, similar to that observed in roots developed under normoxic conditions, lending support to the hypothesis that the S.4 clone is able to reduce radial oxygen loss. These adaptations suggest that the S.4 clone could follow the proposed low oxygen escape syndrome (LOES), which has been recently proposed (Colmer and Voesenek 2009) . The newly formed roots showed negative gravitropism, growing belowground in response to flooding, thus indicating active adaptation of the root system under this stress condition. However, the position of the newly formed roots inside the waterlogged root system suggests that these roots were useful not only for O 2 transport, but also for other long-term processes in the adaptation to flooding. In fact, under our experimental conditions, the O 2 concentration in water was rapidly reduced after the third day and an anoxic condition was evident at the sixth day; thus, O 2 was probably more effectively transported to the roots in the S.4 clone than in the plants of the wt or S.1 clones. The highest TTC-test activity measured in the roots of the S.4 clone agrees with this hypothesis.
In tomato (Vidoz et al. 2010) , the development of adventitious roots in the region of the stem has been observed after a few days of partial submergence located outside the waterlogged soil and parallel to the water/soil surface. The capacity to produce adventitious roots has been associated with an initial signal caused by ethylene (Steffens et al. 2006 , Vidoz et al. 2010 ; therefore, it is likely that an analogous root formation regulatory system exists in the S.4 clone, although the adventitious roots grew below the soil interface.
Very low levels of ethylene were detected in the S.4 clones, whereas the high level of ethylene detected in the wt clone after Prunus rootstock somaclonal variants with divergent ability to tolerate waterlogging 363 Figure 4 . Relative expression of SOT1 (a and b) and GTL (c and d) genes as detected on wt and S.4 leaves (a and c) and the roots (b and d) of plants exposed for 6 days to flooding stress or aerobic conditions. Histograms represent the average of three biological replicate samples that were independently detected. Data were normalized on the basis of the elF1-α housekeeping gene. The value of relative expression equal to 1 indicates the same level of expression of each gene normalized to the housekeeping. Bars represent the SD. For each treatment, averages were separately computed for each clone, using the t-test (**P = 0.01, ***P = 0.001).
a few days of flooding resulted in strong epinasty and leaf senescence, as is usually observed for flooding-sensitive plants (Jackson 2002) . In wt, the synthesis of ethylene should be mainly ascribed to the leaves, as was confirmed by the ethylene measurements and the regulation of ACO1 gene expression. The activity of the ACO enzyme is oxygen dependent; therefore, ethylene synthesis is blocked under anoxia (Vriezen et al. 1999) . The low level of transcripts of the ACO1 gene observed after 6 days of flooding in the roots of wt suggests that a very low oxygen concentration in the tissues of these organs may have down-regulated the expression of this gene, reducing the conversion of 1-aminocyclopropane-1-carboxylic acid (ACC) to ethylene. Therefore, the lower level of gene expression in the S.4 leaves and roots, in comparison with wt, can be ascribed to the availability of O 2 in these organs, which was similar to that found in plants under normoxic conditions. The S.4 clone might be able to transport O 2 , although no visible aerenchyma was observed. Roots of the S.4 clone under waterlogging conditions maintained well-organized, normal tissue layers, whereas in the wt roots, in particular in the S.1 clone, the tissue structure was disaggregated and appeared unviable. These results are consistent with those detected from TTC measurements, which indicate the retention of the greatest mitochondrial activity in the S.4 roots.
During the stress period, the S.4 roots maintained their tissue organization, which probably allowed the maintenance of metabolic activity and permitted the plant to transport its carbohydrates to the roots. In fact, the carbohydrate supply is correlated to the formation of energy, and the level of carbohydrate reserves or the capacity to maintain their transport may be a crucial factor in the tolerance of long-term flooding (Parent et al. 2008) . Although the sugar level showed a constant decrease with the progression of flooding stress in the S.4 and wt roots, the hexose content decreased more in the S.4 clone, and the content of each individual sugar was reduced. This may be associated with the capacity to maintain the translocation of photosynthetic products from the 'source' leaves to the 'sink' roots (Barta and Suluc 2002, Yordanova et al. 2005) ; thus, sugars synthesized and/or stored daily in the leaves were presumably loaded to the roots through sorbitol transport (Noiraud et al. 2001) . Rosaceae plants are able to passively Figure 5 . Relative expression of ACO1 (a and b), ADH1 (c and d) and ADH3 (e and f) genes as detected in the leaves (a, c, e) and roots (b, d, f) of plants of wt and S.4 clones exposed for 6 days to flooding stress or aerobic conditions. Histograms represent the average of three biological replicate samples that were independently detected. Data were normalized on the basis of the elF1-α housekeeping gene. The value of relative expression equal to 1 indicates the same level of expression of each gene analyzed to the housekeeping. Bars represent the SD. For each treatment, averages were separately computed for each clone, using the t-test (*P = 0.05, **P = 0.01, ***P = 0.001). load and translocate sorbitol and sucrose by the symplast, thus contributing to the cell osmotic potential of source tissues and avoiding feedback regulation (Slewinski and Braun 2010) . Under anoxic conditions, the S.4 leaves retained a high level of sorbitol and further increased the expression of the SOT1 gene, suggesting that an active system of carbohydrate regulation was present to maintain the osmotic potential in the stressed leaves of this clone. Moreover, this also indicates that active transport of sorbitol to the roots occurred, and it is notable that this carbohydrate could be a carbon source supporting anoxia tolerance. To date, there is no study available in the literature regarding this phenomenon; thus, further investigations are necessary to dissect the mechanism under flooding stress, although it is known that polyol translocation provides advantages, such as better protection against hydroxy radicals, salinity, light or drought stress due to osmopotential regulation (Slewinski and Braun 2010) . In the roots of the S.4 clone, the SOT1 gene was more up-regulated than in the wt roots, indicating that the sugar homeostasis regulative systems of the cells were tightly maintained in connection with the regulation systems of gene expression and the multiple levels of the biological organization of the tissues of this organ.
Our hypothesis is that the S.4 plants are able to maintain metabolism efficiently during flooding conditions: though it may be reduced, it is sufficient to maintain energy production. Although the reduction of photosynthesis is a common feature in woody species subjected to flooding, and it is associated with a decline in the chlorophyll content (McLeod et al. 1999) , which reduces the availability of carbohydrates, the content of carbohydrates in the leaves of the S.4 clone did not change during the stress period, whereas the total content of chlorophyll underwent a slight reduction, and the TTC activity never dropped to 60% of the initial value.
The high TTC levels observed in the roots can be attributed to the slight loss of the oxygen supply, such that an active metabolism might have still occurred. In some plants, the loss of oxygen induces an activation of the antioxidant defense system (Blokhina and Fagerstedt 2010) , and phenolic compounds are, subsequently, largely represented in plant tissues. The total polyphenol content decreased in the wt and S.4 roots, which appears to be in contrast with previous reports (Blokhina and Fagerstedt 2010) . Considering the ratio of antioxidant power to polyphenol content, it is evident that the ratio remained at a constant value of 2.1 during the stress treatment in wt roots, whereas the ratio increased in S.4 roots, reaching 4.1. Blokhina et al. (2000) have investigated the antioxidant status during hypoxia and post-hypoxia in the roots of tolerant and intolerant species and have demonstrated that this stress led to an overall depletion of the reduced form of antioxidants, although with distinguishable characteristics. These variations can be attributed to different types of antioxidant compounds involved in the regulation of stress (Blokhina and Fagerstedt 2010) and, therefore, to the methodology used for the definition of the antioxidant power. The utilized FRAP method reflects only the antioxidant reducing potential based on the ferric ion rather than an antioxidant preventive effect: a single electron is transferred from the antioxidant molecule to the oxidant in this method (Benzie and Strain 1996) . The phenolic metabolites, representing the largest group of secondary compounds in many plant tissues, have antioxidative properties due to the availability of their hydroxyls, which prevent Fenton reactions (Rice-Evans et al. 1996) . The different polyphenol contents in S.4 and wt could be attributed to synthesis and the use of polyphenols, which could be divergent between the two clones. In fact, these metabolites can assume other functions in plants, as representatives of cell wall metabolites, particularly when associated with lignans (Boudet 2007) . This function could explain the reduced amount of polyphenols in the S.4 roots. These findings agreed with the histological observations performed on the root cross sections. During hypoxia, ANPs are quickly synthesized, and among them ADH plays a key role in the production of ATP under anaerobic conditions (Geigenberger 2003) . The ADH enzymatic activity was high in the wt clone, reaching the highest level on the first day of the treatment, whereas S.4 reached its highest ADH activity after 6 days. It is known that the tolerant Prunus genotype, Myrobalan P.2175, reduces the toxic accumulation of acetaldehyde and ethanol, thus better regulating the activity of ADH (Amador et al. 2009 ) and confirming that the rates of alcoholic fermentation are related to the tolerance of several plant species to flooding (Agarwal and Grover 2006) . In addition, the ADH activity furnished other indications on the tolerance of the S.4 clone to this abiotic stress. The temporary delay observed in the S.4 clone on the activation of ADH and metabolism was correlated with the detected gene expression of ADH1 and ADH3 in leaf tissue. Surprisingly, during waterlogging in the roots of the S.4 clone, the transcript levels of both ADH genes did not increase; indeed, a reduction was detected. This gives strength to the LOES, but ethanol production, the final product of ADH activity, may also provide clues about the lower fermentation process in the S.4 clone. In Arabidopsis, ADH genes are induced in the roots and leaves during low oxygen conditions (Dolferus et al. 2003) , and although ethylene signaling is involved for the induction of ADH during the hypoxia, the reduced expression of the ADH genes has been observed under hypoxic conditions in two ethylene-insensitive Arabidopsis mutants, etr1 and ein2. Moreover, the partial inhibition has been reversed by the addition of 1-aminocyclopropane-1-carboxylic acid, a direct precursor of ethylene (Peng et al. 2001 ). In the Mr.S.2/5 wt roots exposed to flooding, only the ADH1 and SOT1 genes were up-regulated. In the leaves, both clones displayed ADH1 and ADH3 transcript accumulation that was consistent with that found in other species. The reduction of the ADH1 and
